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Comparative study of polar perovskite surfaces
E.A. Kotomin

a,b

, E. Heifets c, S. Dorfman d, D. Fuks

e,*
,

A. Gordon f, J. Maier

a

a

Max Planck Institut f€ur Festk€orperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany
Institute for Solid State Physics, University of Latvia, 8 Kengaraga, Riga LV-1063, Latvia
c
Materials and Process Simulation Center, Beckman Institute, California Institute of Technology, MS 139-74, Pasadena CA 91125, USA
d
Department of Physics, Technion, Israel Institute of Technology, 32000 Haifa, Israel
e
Materials Engineering Department, Ben-Gurion University of the Negev, P.O. Box 653, 84105 Beer Sheva, Israel
f
Department of Mathematics and Physics, Faculty of Science and Science Education, University of Haifa at Oranim, 36006 Tivon, Israel
b

Available online 15 June 2004

Abstract
A novel model of the ‘‘zig–zag’’ (1 1 0) polar surface termination of ABO3 perovskites is suggested and analyzed.
Classical shell model calculations for BaTiO3 , SrTiO3 and LaMnO3 show that such the (1 · 2) (1 1 0) surface reconstruction has the lowest energy, comparable to that for the (1 0 0) surfaces. The calculated surface energy reaches the
saturation only when 6–8 atomic near-surface planes are allowed to relax. Surface relaxation leads to the formation of
considerable dipole moment perpendicular to the surface. The predicted surface polarization of thin perovskite ﬁlms,
even in the cubic phase, could aﬀect their dielectric properties.
 2004 Elsevier B.V. All rights reserved.
Keywords: Single crystal surfaces; Surface structure, morphology, roughness, and topography; Surface electronic phenomena (work
function, surface potential, surface states, etc.); Surface relaxation and reconstruction; Surface energy

1. Introduction
Thin ﬁlms of ABO3 perovskite ferroelectrics are
important for many technological applications,
including catalysis, microelectronics, substrates for
growth of high Tc superconductors, where surface
structure and its quality are of primary importance
[1–3]. Several ab initio quantum mechanical [4–7]
and classical Shell Model (SM) [8–11] theoretical
studies were published recently for the (1 0 0) surface of BaTiO3 and SrTiO3 crystals (hereafter BTO
and STO). We are familiar with any surface cal-
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culations for LaMnO3 (LMO) which of great
interest as the cathode material for fuel cells and
due to colossal magnetoresistance. In order to
study dependence of the surface relaxation properties on exchange-correlation functionals and
localized/plane wave basis sets used in calculations, we performed recently a detailed comparative study based on a number of diﬀerent quantum
mechanical techniques [12–14]. The main conclusion was drawn there that the Hartree–Fock (HF),
density functional theory (DFT), and even SM
calculations give quite similar results for the
atomic structure relaxation and surface energies.
The STO (1 1 0) perovskite surface recently was
studied experimentally using several diﬀerent techniques; metastable impact electron spectroscopy
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gives a direct support to the formation of TiO on the
faceted TiO2 rows upon heating, atomic force
microscopy also supports surface modiﬁcation due
to applied extensive thermal treatment [15–17].
However, we are familiar with no experimental
estimates of the surface relaxation for the ABO3
polar (1 1 0) surfaces, which could be compared with
calculations. To our knowledge, only a few semiempirical quantum mechanical calculations [18–20]
exist so far for the (1 1 0) perovskite surfaces. We
performed recently SM calculations of the atomic
relaxation for the polar (1 1 0) surfaces of STO, BTO
[11] and KNbO3 [21]. In this short paper, we present
a novel, ‘‘zig–zag’’ model for the polar (1 1 0) surface
termination, and discuss results of the SM calculations for the relaxed atomic structure of the STO,
BTO and LMO (1 1 0) surfaces.

2. Methods and surface models
We restrict ourselves to simulations of ABO3
perovskites in the cubic crystalline phase, stable at
high temperatures. Description of SM and its
parameterization is available in Ref. [11]. Use of
this model permits us to ﬁnd the atomic relaxation
for several hundreds of atoms, surface energies,
along with the surface polarization, characterized
by dipole moments perpendicular and parallel to
the surface. This information is of great importance for analysis of dielectric properties of thin
ferroelectric ﬁlms. We allow atoms in a given
number of near-surface planes (varied from 2 to 16)
to relax to the minimum of total energy, and then
analyze, how the major properties are aﬀected by a
number of relaxed planes. This is important since
in time-consuming ab initio calculations only 2–3
near-surface planes are typically allowed to relax.
The well-known problem of modelling the (1 1 0)
polar surface arises from the fact that it consists of
charged planes. This is why, if the (1 1 0) surface
were to be modelled exactly as one would expect
after crystal cleavage, it would have an inﬁnite dipole moment perpendicular to the surface, which
makes such the surface unstable [3,22]. To avoid
this problem, in our calculations we removed half
the O atoms from the O-terminated surface, the
Sr(Ba) atoms from the Ti-terminated surface, and

both the Ti and O atoms from the Sr(Ba)-terminated surface. As a result, we obtain the surface
with charged planes but a zero dipole moment
(before atomic relaxation). The relevant surface
cells are built from neutral ﬁve-atom elements from
three successive planes (see more in Ref. [11]). It
should be noted here that, in principle, the polar
surface could be stabilized due to the charge
transfer between near-surface planes [3]. However,
CNDO calculations [18] have shown that the surface energy of such the STO (1 1 0) exceeds by a
factor of two the surface energies of the abovementioned terminations with removed atoms.
The initial atomic conﬁguration for the O-terminated surface, where every second surface O
atom is removed and others occupy the same sites
as in the bulk structure, we call asymmetric (A).
Since such a removal of half of O atoms disturb the
balance of interatomic forces along the surface, we
also studied another, symmetric initial surface
conﬁguration (B) in which the O2 atom is placed in
the middle of the distance between two equivalent O
atoms in the bulk. The A-type surface reveals
considerable atomic displacements not only perpendicular to the surface, but also parallel to the
surface. Preliminary results for the A-, B-cases were
discussed in Ref. [11]. We study here one more
conﬁguration (C) which corresponds to the (1 · 2)
surface reconstruction where O atoms are removed
in a ‘‘zig–zag’’ way in nearest surface cells so that
the remaining O atoms are alternating in the nearest
cells on the left and right side from the B atom. In
this case, there is no artiﬁcial dipole moment parallel to the surface, in contrast to the case A.
We analyzed recently [13,14] atomic displacements in the (1 0 0) outermost SrTiO3 planes, obtained by means of various ab initio methods. In
all calculations of the (1 0 0) surface energy, that
for the SrO termination is only slightly smaller
than for the TiO2 termination. Thus, both (1 0 0)
surfaces can co-exist, in agreement with the
experimental observation [13].

3. Main results
Atomic relaxation of the ﬁrst three top layers
for BTO and STO was discussed in Ref. [11]. In
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particular, we calculated there the relative displacement of O and Ti atoms in opposite directions from the top plane called rumpling. Our
calculations predicted a large 14.5% (12.4%) a0
rumpling for the TiO-terminated STO (BTO)
surface. Atomic displacements in the third plane
are still considerable, unlike the (1 0 0) surface. For
the Sr(Ba)-termination, top Sr(Ba) atoms are displaced inwards, by 19% (13.5%), whereas the O
atoms in the second plane go outwards, by 3.2%
(2.8%).
The top O atom on the O-terminated asymmetric surface (A) of STO (BTO) is strongly displaced inwards, by 14.2% (11.2%), whereas the
Ti atom in the second plane is also displaced inwards, but only by 2.4% (1.8%). Along with the
displacements along the z axis perpendicular to the
surface, all atoms here reveal also considerable
displacements parallel to the surface. This results
in the dipole moments py , to be discussed below. In
contrast, for the symmetric termination B, atoms
are displaced only along the z axis and reveal much
smaller displacements (e.g., the top O atoms go
inwards, by 3%.) However, Sr(Ba) atoms in the
second plane are strongly (30.3% for Sr in STO
and 26.5% for Sr in STO) displaced outwards the
surface. Similar eﬀect was observed by us for the
KNbO3 (1 1 0) surface [21].
Table 1 gives the results for the novel C-termination where atoms in alternating TiO2 vertical
planes move in opposite directions along the y
axis. Overall, displacements of atoms in the top
layers on the C-type surface are large and similar
to those on the A-type surfaces, except for the
Sr(Ba) and O ions in the second layer. These ions
move only outwards, but due to the symmetry
reasons their displacements along the y axis are
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zero. To our knowledge, there are no low-temperature experimental data for the (1 1 0) surface––
unlike the (1 0 0)––on the surface rumpling and
compression/expansion of the top planes.
The macroscopic (1 1 0) surface polarization is
characterized by the relaxation-induced dipole
moments (per surface unit cells) pz and py perpendicular and parallel to the surface, respectively. For the asymmetric termination (A) the
surface polarization pz oscillates, in both BTO
 with an increase of a
and STO, around 1.1 eA
number of relaxed near- surface planes (varied
between 2 and 16). This is accompanied by a
considerable dipole moment py parallel to the
surface. In contrast, the pz dipole moment for the
B-type termination rapidly saturates (in BTO at
 and in STO at 1.12 eA),
 whereas py
0.99 eA
rapidly goes to zero, with an increase of a number
of relaxed layers. Lastly, for the ‘‘zig–zag’’ ter in both
mination C, pz oscillates around 1.1 eA
BTO and STO, similarly to the asymmetric case
(A) but without any dipole moment parallel to the
surface. For the LMO (Fig. 1) A-termination, pz
 similarly to the BTO and
oscillates around 1 eA

STO, being accompanied by large py ¼ 3:3 eA.
For the C-termination py vanishes and pz is close
to that for the A-termination.
In other words, surface relaxation of cubic
perovskite structure leads to the considerable
polarization perpendicular to the surface which
results from near-surface relaxation. This could
considerably aﬀect the dielectric properties of thin
ﬁlms. Note that this eﬀect is much less pronounced
 for
for the BTO (1 0 0) surface where pz ¼ 0:07 eA
 for TiO2 termiBaO termination, and )0.19 eA
 for SrO termination. (In STO, p2 ¼ 0:045 eA

nation, and )0.12 eA for TiO2 termination.)

Table 1
Atomic relaxation of three top layers (in percent of the lattice constant, a0 ) of three ABO3 perovskites for the C-type O- termination
Layer

1
2
2
2
3

Atom

O
B
A
O
O

STO

BTO

LMO

dz

dy

dz

dy

dz

dy

)13.76
)4.87
4.31
1.21
)9.60

±9.08
±5.52
0.0
0.0
±7.54

)9.93
)3.01
5.45
)0.93
7.98

±6.18
±5.87
0.0
0.0
±5.30

)6.88
)2.13
4.29
1.27
9.89

±8.61
±5.26
0.0
0.0
±4.08

Results for previous calculations of the A, B, TiO and Sr- terminations see in Ref. [11].
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Polarization of O-terminated LaMnO3 (110) Surface
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Fig. 1. Surface polarization and dipole moments perpendicular and parallel to the LMO (1 1 0) surface with three diﬀerent terminations.

Table 2 demonstrates a considerable diﬀerence
for surface energies, obtained for two and 16 relaxed layers. Our calculations show that the (1 1 0)
surface energy saturates only at about 6–8 relaxed
layers, whereas in ab initio calculations only 1–2

layers are typically relaxed. Unlike the (1 0 0) surface, diﬀerent (1 1 0) surface terminations strongly
diﬀer in energies. For all three perovskites, the
novel, ‘‘zig–zag’’ termination C reveals the lowest
surface energy. For the BTO and STO this is close
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Table 2
Surface energies for four diﬀerent O (1 1 0) terminations as
calculated for STO, BTO and LMO perovskites
Type

SM-2

SM-16

STO A-type
B
C
TiO
Sr

1.54
3.13
1.63
2.21
3.04

0.92
3.31
0.76
2.36
3.37

BTO A-type
B
C
TiO
Ba

1.58
4.66
1.84
2.11
3.79

1.83
4.84
1.82
2.36
4.16

LMO A-type
B
C

2.59
4.11
2.80

2.06
4.06
1.95

SM-2, SM-16 refer to the number of near-surface planes
allowed to relax.

to the (1 0 0) surface energy. In contrast, the surface energies for the LMO are considerably larger
than the relevant energies for the BTO and STO.
4. Conclusions
We would like to stress that the lowest surface
energy for all three perovskites is predicted for the
novel ‘‘zig–zag’’ (1 · 2) reconstructed surface termination. This reveals no dipole moment parallel to
the surface, but a considerable dipole moment perpendicular to the surface, which certainly can aﬀect
the dielectric properties of thin perovskite ﬁlms.
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